The C-C bond scission of the three fluorinated ethoxy radicals CF 3 and k 2 (300K)=4.29×10 -2 s -1 for CF 3 CH 2 O radical, respectively. The anharmonic effects on the decomposition reactions have also been examined. The different rate constants indicate that the anharmonic effect has most significant contributions to the decomposition reaction of CF 3 CFHO radical, while the anharmonic effect has least contributions to the decomposition reaction of CF 3 CF 2 O radical. It has also found that higher symmetry of the reactants results in less anharmonic effects on the decomposition reactions.
Introduction
The chemical and physical properties of chlorofluorocarbons (CFCs) make them suited for a variety of industrial applications, while the stability of fully halogenated CFCs make them dangerous to the stratospheric ozone layer. Since 1974, many studies have indicated that the release of CFCs in the stratosphere through a series of catalytic reactions led to ozone-layer depletion increasing and global warming [1] [2] [3] [4] [5] . In 1987, with the threat of CFCs becoming more and more serious, Montreal Protocol was developed to prohibit production and use of CFCs. So, there was an urgent need to develop acceptable substitutes which had similar properties to CFCs except its harmful environmental behavior such as depletion of ozone layer and global warming. In particular hydrofluorocarbons (HFCs) are now in widespread use because of their similar physical properties to CFCs but significantly shorter atmospheric lifetimes. Due to the presence of at least one H atom, HFCs were subject to tropospheric removal processes [6] . This was in contrast to the CFCs which eventually reach the stratosphere, where they were photolysed and the nascent Cl atoms initiated ozone destroying chain reactions [6] [7] . Thus the alkoxyl radicals' forming HFCs in the atmosphere plays an important role in the degradation mechanism of organic vapors in the troposphere. Recently, considerable theoretical studies had been performed on the similar alkoxyl radicals [8] [9] [10] [11] [12] [13] [14] . H. Somnitz and R. Zellner had calculated the harmonic rate constants for C-C bond scission in CF 3 -5 s -1 , respectively [11] . Literature survey indicated that there was no experimental data available on CF 3 CX 2 O(X=F, H) radicals.
On the other hand, many chemists observed that the anharmonic effect played an important role in molecular systems，especially in those of molecules and clusters with highly flexible transition states [15] . In 1962 ， Schlag and Sandsmark discovered that anharmonicity corrections may be significant in practice [16] . Haarhoff then considered the anharmonic corrections about the density of vibrational energy levels which were applied to a system of simple Morse oscillators [17] . Recently, many chemists also observed that anharmonic effects were quite signifycant in dissociation of clusters and molecular systems [18] [19] [20] [21] [22] . Some chemists also recognized that the characteristic features of the anharmonic effects led to an increase in the bond lengths and distance of bond dissociation, and a decrease in vibrational bondstretching frequencies. Several researches have concentrated on the requirements for the anharmonic corrections to previous reaction rate theories [23] [24] [25] . For this reason, using experimental thermodynamic 2 http://ccaasmag.org/CHEM data, Troe [26] presented a simple empirical method for generating anharmonic vibrational densities of states. Recently, a method proposed by Yao and Lin(YL) [27] which could carry out the first principle calculations about the rate constants of molecular reactions within the framework of the transition state theory had been proposed. With this method, the anharmonic effects on the dissociation of molecular reactions have been examined. The results suggested that the YL method was appropriate for calculating rate constants of the unimolecular reactions, and investigating the anharmonic effects of rate constants.
Although many efforts have been made to the study of the unimolecular dissociation of CF 3 CX 2 O (X=F, H) radicals, the study of their rate constants and the anharmonic effects on the reactions are very rare. The purpose of this paper is to calculate the harmonic and anharmonic rate constants of the unimolecular dissociation of CF 3 CX 2 O (X=F, H) radicals, and to investigate the anharmonic effects on the reactions using YL method. The computational methods will be described in detail in section 2. Section 3 concludes numerical results and detailed discussions. Finally, concluding remarks and a summary of this work are presented in section 4.
Computational Methods

Ab Initio Calculations.
The C-C bond scission of the three fluorinated ethoxy radicals CF 3 
 
The geometries of the reactants and transition states had been optimized， with 6-311G(d,p) basis set， by the MP2 method. The vibrational harmonic and anharmonic frequencies, calculated with the same method, were used for the characterization of stationary points, zero-point-energy (ZPE) corrections, and the calculations of reaction rate constants using transition state and RRKM theory. To obtain more accurate and reliable data, the single point energies were recalculated by employing the coupled cluster CCSD(T) method with with 6-311G(d,p) basis set. To confirm that the transition state connected smoothly to reactant and products, the transition state was subjected to an intrinsic reaction coordinate (IRC) with the same level of theory at which optimization and frequency calculation are performed. The frequencies, energies of reactants and TS structures in this paper were all calculated at in 1 atm and 298K (room temperature). The Gaussian 03 program was applied for all ab initio calculations [28] .
Rice-Ramsperger-Kassel-Marcus (RRKM)
theory. According to the RRKM theory, for the microcanonical system, the rate constant ) (E k for unimolecular reaction can be expressed as [29] :
where  is the symmetry factor (here we set 1 For a canonical system, the rate constant ) (T k for unimolecular reaction can be expressed as [30, [32] [33] [34] kT (8) where N is the number of the vibrational modes of According to the above discussion, it is worth noting that the partition function plays a very important role in calculating the total number of states, the density of states and the rate constant. To calculate the partition function of both microcanonical and canonical cases and investigate the anharmonic effect on a unimolecular reaction, Morse Oscillator (MO) is taken as the simple form. For the MO, we have be seen that the elongation of the C-C bond is found changed from 1.553 to 1.835Å, with a decrease in C-O bond distance from 1.346 to 1.210Å. The barrier height that is obtained using MP2 method of the reaction is 11.07 kcal/mol, with zero-point-energy (ZPE) corrected. To obtain high accuracy and reliability, we re-computed the single point energies at CCSD(T)/6-311G(d,p) level, and obtained the energy barrier of 8.28 kcal/mol, which is also given in Tab. 1. The result is in good agreement with the values (8.15-8.51 kcal/mol) obtained by H. Somnitz and R. Zellner [11] . The CCSD(T)/6-311G(d,p) result is used in the rate constants calculation. The anharmonic parameters χ i of the unimolecular dissociation of the CF 3 CF 2 O radical are presented in Tab.2.
 
For the reaction of CF 3 CF 2 O, the anharmonic and harmonic rate constants for canonical case are presented in Tab.3, with temperatures ranging from 300 to 2000 K. Corresponding to Tab.3, the rate constants for the reaction are plotted in Fig.1 . From the Tab. 3 and Fig.1 , it is clear that both the harmonic and anharmonic rate constants increase with the increasing temperature. With the temperature increasing from 300 to 2000 K, the harmonic rate constant increases from 7.05×10 6 12 s -1 ) at temperature 2000 K. We can draw the conclusion that the anharmonic effect is not obvious in the canonical system. It is worth noting in Tab.3 that the first two energies are all lower than the calculated activation energy 8.28 kcal/mol. Hence, we have to calculate the rate constant in the microcanonical system at higher energy.
To calculate the energy corresponding to the above temperature, we employ the relation between the total energy of a microcanonical system and the temperature of a canonical system by:
The energy in the microcanonical system can be obtained with Eq.(10).
The total energies are 3288, 5313, 7502, 9783, 12119, 14497, 16900, 19324, 24206 and 27889 cm -1 , corresponding to the temperatures of 600, 800, 1000, 1200, 1400, 1600, 1800, 2000, 2400 and 2700 K, respectively. Tab. 4 shows the harmonic and an-4 http://ccaasmag.org/CHEM harmonic total number of states, density of states and rate constants of the title reaction obtained from the YL method for microcanonical case. The rate constants for the microcanonical case are also illustrated in Fig.2 . From Tab. 4 and Fig.2 , we can see that the harmonic and anharmonic rate constants increase with the increasing of the total energy in the microcanonical system. With the energy increasing from 3288 to 27889 cm -1 , the harmonic rate constant increases from 5.95×10 8 ) given by H. Somnitz and R. Zellner [11] . On the other hand, both in the canonical system and the microcanonical system, the values of anharmonic rate constants and harmonic rate constants are closer. In other words, the anharmonic effect is not obvious for the reaction of CF 3 CF 2 O radical for either canonical case or microcanonical case. 3 CFHO radical. Similarly, we investigate the reaction CF 3 CFHO→CF 3 +CFHO using MP2/6-311G(d,p) method. The geometric and the energetic parameters of the reactant and transition state are shown in Tab.5. From Tab.5, we can see that the elongation of the C-C bond is found changed from 1.538 to 1.901 Å, with a decrease in C-O bond distance from 1.334 to 1.199 Å. The barrier height that is obtained using MP2 method of the reaction is 14.86 kcal/mol, with zero-pointenergy (ZPE) corrected. To obtain high accuracy and reliability, we recompute the single point energies by employing the CCSD(T)/6-311G(d,p) method, then get the value of the energy barrier 12.34 kcal/mol, which is also illustrated in Tab.5. The result is lower than the values (12.60-13.10 kcal/mol) obtained by H. Somnitz and R. Zellner [ 11] . This is because the geometries of the reactant and transition states were optimized using different method and levels by H. Somnitz and R. Zellner [11] . The value of the energy barrier obtained by the CCSD(T)/6-311G(d,p) method is used to calculate the rate constants. The anharmonic parameters χ i of the unimolecular dissociation of the CF 3 CFHO radical are presented in Tab.6.
Unimolecular dissociation of the CF
For the reaction of CF 3 CFHO, the anharmonic and harmonic rate constants for canonical case are presented in Tab.7, with temperatures ranging from 300 to 2000 K. Corresponding to Tab.7, the rate constants for the title reaction is plotted in Fig.3 . From the Tab. 7 and Fig.3 , we can see that both the harmonic and anharmonic rate constants increase with the increasing temperature. With the temperature increasing from 300 to 2000 K, the harmonic rate constant increases from 3.88×10 3 ) at temperature 2000 K. We can draw the conclusion that the difference between the two cases becomes larger with the increasing of temperature. In other words, the anharmonic effect becomes more significant with the increasing temperature in the canonical system. It is worth noting in Tab.5 that the first five energies are all lower than the calculated activation energy of 12.34 kcal/mol. Hence, we have to calculate the rate constant in the microcanonical system at higher energy.
Using Eq.(10), we get the total energies 4648, 6138, 7733, 9412, 11153, 12951, 14787, 18551, 22408 and 26333cm -1 , corresponding to the temperatures of 1200, 1400, 1600, 1800, 2000, 2200, 2400, 2800, 3200 and 3600 K. Tab. 8 gives the harmonic and anharmonic total number of states, density of states and rate constants of the reaction obtained from the YL method for microcanonical case. The rate constants of the microcanonical total energies are also illustrated in Fig.4 . From Tab. 8 and Fig.4 , we can see that for the microcanonical system the harmonic and anharmonic rate constants increase with the increasing of the total energy. With the energy increasing from 4648 to 26333 cm -1 , the harmonic rate constant increases from 8.67×10 9 ) given by H. Somnitz and R. Zellner [11] , the main reason for which is that the value of the energy barrier used in the rate constants' calculation is different from that obtained by H. Somnitz and R. Zellner [11] . On the other hand, both in the canonical system and the microcanonical system, the anharmonic rate constants are higher than the harmonic ones. The difference between the anharmonic rate constants and harmonic rate constants become larger with the increasing of energy. The difference in rate constants results from the difference in harmonic potential and anharmonic potential, which are utilized to simulate the vibrational bonds. The total number of states and density of states are also counted. They affect the dissociation rate constants. In summary, the anharmonic effect is so obvious for the reaction of CF 3 CFHO radical at all energies especially in the case of high energies that it is not negligible for either canonical case or microcanonical case.
Unimolecular dissociation of the CF 3 CH 2 O radical.
At last, we employ the MP2/6-311G(d,p) method to investigate the reaction CF 3 CH 2 O→ CF 3 +CH 2 O. The geometric and the energetic parameters of the reactant and transition state are presented in Tab.9. The elongation of the C-C bond is found changed from 1.525 to 2.050 Å, with a decrease in C-O bond distance from 1.383 to 1.209 Å. The barrier height obtained using MP2 method of the reaction is 24.20 kcal/mol, with zero-point-energy (ZPE) corrected. To obtain higher accuracy and reliability in calculations, we re-computed the single point energies at CCSD(T)/ 6-311G(d,p) level, and obtained the energy barrier of 20.07 kcal/mol, which is also shown in Tab. 9. The result is lower than the values (24.31-25.19 kcal/mol) obtained by H. Somnitz and R. Zellner [11] . The geometries of the reactant and transition states are optimized using different method and levels by H. Somnitz and R. Zellner [11] . The value of the energy barrier obtained by CCSD(T)/6-311G(d,p) method is used in the rate constants calculation. The anharmonic parameters χ i of the unimolecular dissociation of the CF 3 CH 2 O radical are presented in Tab.10.
For the reaction of CF 3 CH 2 O, the anharmonic and harmonic rate constants in canonical case are present-CF 3 CFHO 9 http://ccaasmag.org/CHEM ed in Tab.11, with the temperatures ranging from 300 to 2000 K. Corresponding to Tab.11, the rate constant for the title reaction is plotted in Fig.5 . As shown in the Tab.11, it is clear that both the harmonic and anharmonic rate constants increase with the increasing temperature. With the temperature increasing from 300 to 2000 K, the harmonic rate constant increases from 4.29×10 -2 to 9.97×10 11 s -1 ,while the anharmonic rate constant is in the range from 6.00×10 -2 to 2.72×10 12 s -1 . The anharmonic rate constants are higher than the harmonic ones at all range of temperatures. When temperature is 300 K, the harmonic rate constant (4. ) at temperature 2000K. We can draw the conclusion that the difference between the harmonic and anharmonic cases increases with the increasing of temperature. In other words, the anharmonic effect becomes more significant with the increasing temperature in the canonical system. It is worth noting in Tab.9 that the first five energies are all lower than the calculated activation energy of 20.07 kcal/mol. Hence, we have to calculate the rate constant in the microcanonical system at the higher energy. , corresponding to the temperatures of 1300, 1500, 1700, 1800, 2000, 2200, 2400, 2600, 2800 and 3000 K. Tab.12 shows the harmonic and anharmonic total number of states, density of states and rate constants of the title reaction obtained from the YL method for microcanonical case. The rate constants of the microcanonical total energies are also illustrated in Fig.6 .
From Tab. 12 and Fig.6 , we can see that for the microcanonical system the harmonic and anharmonic rate constants increase with the increasing of the total energy. With the energy increasing from 8992 to 28693 cm -1 , the harmonic rate constant increases from 1.61×10 9 . It can be seen that, the difference between the anharmonic rate constants and the harmonic constants are large. In other words, the anharmonic effect is so obvious at all energies that it is not negligible in the microcanonical system. From Tabs.11-12 and Figs.5-6, it can be seen that the calculated harmonic and anharmonic rate constant are 6.34×10 -2 s -1 and 4.29×10 -2 s -1 at the temperature 300K. The results are larger than the value (7.4×10 -5 s -1 ) given by H. Somnitz and R. Zellner [11] . The main reason is that the value of the energy barrier used in the rate constants calculation is lower than that obtained by H. Somnitz and R. Zellner [11] . On the other hand, both in the canonical system and the microcanonical system, the anharmonic rate constants are higher than the harmonic ones. Their differences are so obvious that the anharmonic effect is then significant for the reaction of CF 3 CH 2 O radical. Therefore the anharmonic effect cannot be neglected in either canonical case or microcanonical case.
From all the Tables and Figures, we can conclude that the anharmonic effect on the decomposition reaction of CF 3 CFHO radical is the most obvious, while the anharmonic effect on the decomposition reaction of CF 3 CF 2 O radical is the least one. Through analyzing the configurations of the reactants and transition states, we conclude two reasons for the condition. First, the elongation of the C-C bond, comparing the bond of reactants and TSs, of three radicals CF 3 CF 2 O, CF 3 CFHO and CF 3 CH 2 O are 18.16%, 23.60% and 34.43%, respectively. Second, the symmetry of the CF 3 CFHO radical is the least for all the three radicals. The energies are used to break the good symmetry of the whole molecules firstly, then using the energies left, to break the C-C bond then form the product. Therefore the structure of the CF 3 CF 2 O radical is the steadiest, while the configuration of the CF 3 CFHO radical is the least stable. The reactants, which have good symmetry, are more stable and less anharmonic effect given.
Conclusions
In this paper, the C-C bond scission of three fluorinated ethoxy radicals CF 3 CF 2 O, CF 3 CFHO, CF 3 CH 2 O has been investigated using YL method. The anharmonic and harmonic rate constants have been calculated for the three reactions in both canonical and microcanonical cases using the YL method. The anharmonic effects on the three decomposition reactions has been also examined at MP2/6-311G(d,p) level. [11] . In both canonical and microcanonical cases, on one hand, the rate constants increase with the increasing total energy basically, on the other hand, the harmonic and anharmonic rate constants give similar results at all range of the energy. In other words, the difference between the two kinds of rate constants is quite small at all energies. Therefore we can draw the conclusion that the anharmonic effect is not obvious in either canonical or microcanonical systems.
For the reaction CF 3 CFHO→CF 3 +CFHO, we obtain the barrier height of 12.34 kcal/mol. The anharmonic and the harmonic rate constants are: which are different from the earlier theoretical (5.3×10 6 s -1 ) work by H. Somnitz and R. Zellner [11] . The main reason is that the value of the energy barrier used in the rate constants calculation is different from that obtained by H. Somnitz and R. Zellner [11] . In both canonical and microcanonical cases, on one hand, the rate constants increase with the increasing total energy basically, on the other hand, the harmonic and anharmonic rate constants give similar results when the temperature and energy are low. However, the difference between the two kinds of rate constants is quite large at higher energy and temperature. Moreover, the difference increases with the increasing of total energy. This can lead to an conclusion that the anharmonic effect is so significant that it is not [11] . The main reason is that the value of the energy barrier used in the rate constants' calculation is lower than that obtained by H. Somnitz and R. Zellner [11] . In both canonical and microcanonical cases, on one hand, the rate constants increase with the increasing total energy basically, on the other hand, the anharmonic rate constants are higher than those in harmonic cases, especially in the cases of high total energy and temperature. This indicates that anharmonic effect shown in the reaction is significant. The findings of this study suggest that the anharmonic effect is so significant that it is not negligible in either canonical or microcanonical systems.
The comparison of the three reactions shows that the anharmonic effect on the decomposition reaction of CF 3 CFHO radical is most obvious, while the anharmonic effect is least in the case of CF 3 CF 2 O radical. The higher symmetry the reactants have, the less anharmonic effects are shown in the reaction. The energies are used to break the good symmetry of the whole molecules firstly, and then the energies left are used to break the C-C bond to form the products.
The present results indicate that in both microcanonical and canonical cases, the YL method works well for investigating the rate constants of such unimolecular decomposition. Moreover, the anharmonic effects in the title reactions and the unimolecular decomposition reactions of CF 3 CFHO and CF 3 CH 2 O radicals cannot be neglected.
